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Abstract 
 
Dynamic Nuclear Polarization (DNP) is often achieved by direct transfer of polarization from 
electrons to nuclei such as 13C, induced by microwave saturation of the wings of narrow EPR lines of 
radicals like trityl. In the indirect approach on the other hand, DNP is used to transfer the polarization 
from the electrons of radicals such as nitroxides that have broad EPR lines to nuclear spins I = 1H, 
followed by cross-polarization (CP) from I = 1H to S = 13C or other nuclei with low gyromagnetic 
ratios. This approach is particularly attractive for S = 15N, since direct DNP yields modest polarizations 
P(15N) < 4% with build-up times that can be as long as tDNP(15N)  > 2 hours. In this paper we show 
that CP from 1H to 15N at 1.2 K can yield P(15N) = 25% with tCP-DNP(15N) = 10-15 min. After rapid 
dissolution and transfer to a solution-state NMR spectrometer, a polarization P(15N) = 20% was 
observed at 300 K. The longitudinal relaxation times in solution can be as long as T1(15N) > 800 s in 
favorable cases.  
 
 
  
Introduction  
 
Dissolution dynamic nuclear polarization (d-DNP) [1] allows one to enhance NMR signals in solution 
by more than four orders of magnitude compared to thermal equilibrium. Most applications to 
metabolic imaging exploit the enhancement of carbon-13 nuclei, [2], but  nitrogen-15  has also been 
successfully enhanced by d-DNP [3-6]. In small molecules where 15N is bound to protons, T1(15N) is 
typically on the order of 60 s; but when 15N is not directly bound to any protons, very long relaxation 
times 200 < T1(15N) < 800 s have been observed near 300 K [5]. This makes d-DNP particularly 
attractive for nitrogen-15. Early studies of 15N d-DNP report a modest efficiency of direct 15N DNP 
when using trityl or nitroxide radicals, resulting in disappointing polarizations P(15N) < 4% [5] and 
exceedingly long build-up times, typically 𝜏DNP(15N) > 2 hours. Building on our recent work on low 
temperature cross-polarization (CP) to carbon-13 under d-DNP conditions [7-9], we have extended 
the method to nitrogen-15 and we have achieved polarization levels on the order of P(15N) = 20 % at 
1.2 K and 6.7 T with short build-up times 𝜏CP-DNP(15N) ≈ 10-15 min .  
 
Experimental design 
 
We have designed and built a novel CP-DNP probe for cross-polarization from 1H to 15N at 6.7 T and 
1.2 K compatible with our home-built d-DNP polarizer [10, 11]. The probe can accommodate a sample 
insertion stick with a sample holder in a cavity where both DNP and CP can be performed 
simultaneously with suitable microwave and radiofrequency irradiation. The probe design is shown in 
Fig. 1. After CP-DNP, a dissolution stick can be is inserted to rapidly dissolve the sample to yield a 
hyperpolarized injectable solution. The Q factors and 90° pulse lengths were measured for both 
channels at 4.2 K (Table 1.) The probe has been optimized for B0 = 6.7 T, with microwave irradiation 
near 188 GHz, and for CP with Larmor frequencies ν(1H) = 285.2 MHz and ν(15N) = 28.9 MHz, using 
an adiabatic multiple-contact pulse sequence described elsewhere for 13C [9]. Fig 2 describe the setup 
of the two perpendicular channel used for CP-DNP experiments.  
 
 
 
 
 
 
 
Figure 1 The DNP probe comprises (1) a brass probe body that fits into the cryostat (cold bore with 
45 mm inner diameter) and accommodates (2) a sample insertion stick made of G10 fiberglass that 
supports (3) a VESPEL sample holder. The gold-plated brass cavity (4a) is equipped with (4b) two 
concentric mirrors to focus the microwave field onto the sample. The 188 GHz microwaves are guided 
towards the sample through (5a) a 90° miter bend, followed by (5b) an oversized circular waveguide 
(5 mm inner diameter, 1.1 m long), terminated by (5c) another 90° miter bend. The RF coils are made 
of a pair of concentrically mounted perpendicular outer coils (6b) that are inductively coupled with a 
pair of inner coils (6a). A schematic view of the inner coils is shown in (6c). After CP-DNP, a 
dissolution stick (7) can be used to inject hot water to melt the sample and push the liquid 
hyperpolarized solution to an NMR or MRI system. 
  
  1H channel (285.25 MHz) 15N channel (28.91 MHz) 
Q factor 197.0 136.7 
90° pulse 6 µs with 50 W 10 µs with 200 W 
 
Table 1 Parameters of the resonant circuits for 1H and 15N of the DNP probe at 4.2 K and 6.7 T. 
 
 
Figure 2 (A) Schematic representation of one of the two channels, composed of two inductively 
coupled coils. A transmission line of about 1.2 m length connects the top of the probe to the cavity in 
the cryostat. (B) The two perpendicular outer coils are printed on PCB foils and connected by copper 
wires to the external tuning and matching boxes. (C) The two concentric inductively coupled inner 
saddle coils have an opening angle of 120° to optimize the B1 field in the sample space. 
 
 
Samples  
Five samples of 100 μl each were tested, consisting of 0.8 M solutions of one of the following 
molecules: ammonium chloride, urea, glycine and trimethylphenylammonium (TMPA), all 15N-
enriched, and choline in natural 15N abundance (0.36 %), dissolved in a d6-DMSO/D2O (60/40 v/v) 
glass-forming mixture doped with 50 mM TEMPOL radicals. Such samples can lead to a large 1H 
polarization P(1H) = 60-90% with short build-up times 𝜏DNP	= 2  min at 1.2 K. CP contacts were 
repeated at intervals of 3 min, leading to final polarizations P(15N) = 17-25% with apparent build-up 
times 𝜏CP-DNP = 7-16 min. Fig. 3 shows the DNP build-up curves with and without CP of the four 15N-
labelled compounds, and Table 2 shows the maximum polarizations achieved with and without CP, 
i.e., P(15N)CP and P(15N)direct, and their associated apparent build-up times 𝜏CP-DNP(15N)CP and 𝜏DNP(15N)direct. From these parameters, we determined amplification and acceleration factors brought 
about by CP, εCP = P(15N)CP/P(15N)direct and κCP = 𝜏DNP(15N)direct/𝜏DNP(15N)CP respectively. For Glycine, 
we could not determine the thermal equilibrium polarization, but we could nevertheless determine εCP 
and κCP. 
 
 P(15N)CP τCP-DNP(15N)CP P(15N)direct τDNP(15N)direct εCP =PCP/Pdirect 
κCP = 
τDNP direct /τDNP CP 
Ammonium 17 ± 2.6 % 15.9 ± 1.2 min 2.3 ± 2.6 % 27.4 ± 4.5 min 7.4 ± 0.2 1.72 ± 0.4 
Urea 23 ± 1.8 % 7.6 ± 0.5 min 1.4 ± 1.8 % 43.9 ± 1.8 min 16.4 ± 0.2 5.8 ± 0.6 
TMPA 25 ± 2.0 % 12.7 ± 0.5 min 0.7 ± 2.0 % 43.5 ± 8.6 min 35.7 ± 0.6 3.4 ± 0.8 
Glycine N.A 7.6 ± 0.4 min N.A 25 ± 2.2 min 21.5 ± 1.6 3.2 ± 0.5 
 
Table 2 : Indirect polarizations assisted by CP and direct polarizations with their associated build-up 
times, amplification and acceleration factors, measured at 1.2 K in 15N-enriched ammonium, urea, 
TMPA and glycine solutions in d6-DMSO/D2O (60/40 v/v) with 50 mM TEMPOL.  
 
 
Figure 3. Build-up of the polarization P(15N) measured at 1.2 K and 6.7 T in 75 % deuterated 
ammonium, urea, glycine and TMPA in d6-DMSO/D2O/H2O (60/30/10 v/v) with 50 mM TEMPOL, 
assisted by multiple-contact CP (black lines) and by direct DNP without CP (red lines). 
 
CP optimization 
The CP sequence used in our study consists of two adiabatic inversions of the magnetization 
synchronized on both NMR channels, as previously described. The nutation frequencies of the I and 
S spins in the doubly rotating frame are equal to fulfill the Hartmann-Hahn condition (7). The length 
of the CP contact pulses is optimized to balance polarization transfer and T1ρ relaxation. This pulse 
length obviously depends of the magnitude of the 1H-15N dipole-dipole (DD) coupling. The best pulse 
lengths for glycine, urea and TMPA are shown in Fig. 4.  
 
 
Figure 4. The optimum duration of the CP contact depends on the strength of the 1H-15N dipole-dipole 
(DD) couplings. Strong couplings occur in urea and glycine where protons are only one or two bonds 
away from 15N, respectively, so that short contact pulses of 1 or 2 ms are found to be optimal. 
Conversely, for TMPA where the protons are three bonds away from 15N, contact pulses of 8 ms are 
optimal (longer pulses are not recommended to avoid arching).  
 
Solution-state NMR at 300 K 
 
After CP-DNP, when the polarization had reached a maximum, 5 ml of hot deuterated water at 453 K 
(180°C) pressurized at 1 MPa (10 bar) was injected to dissolve the frozen samples. Deuterated solvents 
are preferred for dissolution to attenuate relaxation due to dipolar couplings between protons, 
especially when protons are polarized. He gas at 6.105 Pa (6 bar) was used to push the solution though 
a 1.5 mm inner diameter PTFE tube of 5 m length. This tube was enclosed in a magnetic tunnel [12] 
and connected to an 11.7 T NMR spectrometer (51 MHz for 15N, 500 MHz for protons) with a standard 
5 mm NMR sample tube. The transfer time was 5 s and the injection after 2 s used a homemade 
injector. A 5° pulse was applied every 10 s to measure the decaying hyperpolarized 15N signals. 
Polarizations and relaxation times measured for glycine, ammonium, urea, choline and TMPA in 
natural abundance after dissolution are shown in Table 3. The hyperpolarized liquid-state spectra of 
15N-enriched TMPA and Urea are shown in Fig. 5. It is possible to record hyperpolarized  15N spectra 
of non-enriched samples in a single scan, as shown for Choline in Fig. 6. One advantage is that T1(15N) 
is quite long in solution, so that the polarization P(15N) can be preserved for prolonged periods. The 
magnetization can then be transferred from 15N to 1H by a reverse INEPT sequence.  
 
 
 
P(15N) (%) T1(15N)  (s)  
Glycine*  > 6.0 35 ± 1 
Ammonium > 7.1 39 ± 2 
Urea 19.2 ± 3 197 ± 4 
Choline (a) 233 ± 21 
TMPA 16.8 ± 2 750 ± 12 
 
Table 3. Polarization P(15N) in 32 mM solutions of various samples with isotopic 15N enrichment after 
dissolution, measured at 51 MHz  (11.7 T) and 300 K. (a) The thermal polarization and hence P(15N) 
could not be determined because of poor sensitivity. (*) Glycine was measured at pH > 8.  
 
 
Figure 5. (A) 15N-spectrum of 15N-enriched of trimethylphenylammonium chloride (CD3)3NC6H5Cl 
(TMPA) observed in solution at 51  MHz (11.7 T, 500 MHz for protons) in a single scan with a 5° 
pulse immediately after D-DNP (red line) and after complete return to thermal equilibrium overnight, 
by accumulating 128 transients with 5° pulses at 600 s intervals  in 24 hours (black line). The 
hyperpolarization P(15N) = 16.8 % was determined by comparing with the thermal equilibrium signal. 
The singlet results from the isolated 15N in TMPA. (B) 15N-spectrum of 15N-enriched Urea 
(ND2COND2) observed in solution at 28.91 MHz immediately after D-DNP (red line), and after 
complete return to thermal equilibrium overnight, by accumulating 300 measurements with 5° pulses 
at 600 s intervals in 62 hours (2.6 days) (black line). The hyperpolarization was found to be P(15N) = 
19.2 %. The 1:2:3:2.1 multiplet is due to 1J(15N, 2D) = 14 Hz couplings with two deuterium nuclei 
which exchange with the solvent, since the molecule is completely deuterated after dissolution with 
D2O. 
 
 
Figure 6. Proton-decoupled 15N spectrum of solution of 0.12 M Choline (NH4+CH2CH2Cl-) in D2O 
with 0.36% natural abundance observed at 51 MHz (11.7 T, 500 MHz for protons) with a 5° pulse 
immediately after D-DNP.  
 
Conclusions 
 
Using DNP of protons by saturating the electrons of TEMPOL, followed by cross polarization from 
1H to 15N, one can achieve remarkably high polarizations up to P(15N) = 25% with a short build-up 
time constant tCP-DNP(15N) = 7-16 min, using a simple custom-built CP-DNP probe described herein. 
Such high levels of polarization were never attained before. The resulting high NMR sensitivity 
associated with the long relaxation times T1(15N) observed in several compounds in solution makes 
nitrogen-15 an interesting candidate for hyperpolarization studies. 
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